Although opioids have known antidepressant activity, their use in major depressive disorder (MDD) has been greatly limited by risk of abuse and addiction. Our aim was to determine whether opioid modulation achieved through a combination of a m-opioid partial agonist, buprenorphine (BUP), and a potent m-opioid antagonist, samidorphan (SAM), would demonstrate antidepressant activity without addictive potential. A placebo-controlled crossover study assessed the opioid pharmacodynamic profile following escalating doses of SAM co-administered with BUP in opioid-experienced adults. A subsequent 1-week, placebo-controlled, parallel-group study was conducted in subjects with MDD and an inadequate response to standard antidepressant therapy. This second study evaluated safety and efficacy of ratios of BUP/SAM that were associated with partial and with maximal blockade of opioid responses in the initial study. Pupillometry, visual analog scale assessments, and self-reported questionnaires demonstrated that increasing amounts of SAM added to a fixed dose of BUP resulted in dose-dependent reductions in objective and subjective opioid effects, including euphoria and drug liking, in opioid-experienced adults. Following 7 days of treatment in subjects with MDD, a 1 : 1 ratio of BUP and SAM, the ratio associated with maximal antagonism of opioid effects, exhibited statistically significant improvement vs placebo in HAM-D17 total score (p ¼ 0.032) and nearly significant improvement in Montgomery-Å sberg Depression Rating Scale (MADRS) total score (p ¼ 0.054). Overall, BUP/SAM therapy was well tolerated. A combination of BUP and SAM showed antidepressant activity in subjects with MDD. Balanced agonistantagonist opioid modulation represents a novel and potentially clinically important approach to the treatment of MDD and other psychiatric disorders.
INTRODUCTION
Until the 1950s, opium was the primary pharmacologic treatment for melancholia (Tenore, 2008) . However, following the introduction of monoamine oxidase inhibitors and tricyclic antidepressants, the clinical use of opioids for depression was largely abandoned owing to their inherent risks of abuse and addiction. Today, a variety of monoamine-based pharmacotherapies for depression are available, but the incidence of treatment-resistant depression remains stubbornly high, and new clinical approaches in this setting are greatly needed. The present work reassessed the potential utility of a more calibrated opioid modulation therapy in major depressive disorder (MDD), based on advancements in, and improved understanding of, opioid biology and therapeutics.
There is an evidence to indicate that endogenous opioids have important roles in human mood and that endogenous m-and k-opioid tone is dysregulated in the context of depression (Kennedy et al, 2006; Knoll and Carlezon, 2010) . Opioid receptors are densely distributed in cortical regions implicated in the response to stressors, as well as the regulation and/or integration of emotionally significant stimuli, including the rostral anterior cingulate and prefrontal cortex (Kennedy et al, 2006; Eisenberger et al, 2003; Kerns et al, 2004; Ribeiro et al, 2005) . The opioid system has a prominent sub-cortical regulatory role in the striatopallidal pathway (nucleus accumbens and ventral pallidum) and associated circuits (amygdala, thalamus, insular cortex), which are also involved in the processing of stressful stimuli and sadness (Bals-Kubik et al, 1993) . Finally, there is post mortem evidence of endorphin deficiency in severely depressed and suicidal patients (Scarone et al, 1990; Gross-Isseroff et al, 1990; Gabilondo et al, 1995) , although one study showed evidence of differential receptor affinity rather than expression (Zalsman et al, 2005) .
There are no prior published reports of placebo-controlled studies of opioid agonists in the treatment of depression. In observational studies, treatment with m-opioid agonists has been associated with significant and rapid mood elevation in depression, including subjects with treatmentresistant MDD (Emrich et al, 1982; Kosten et al, 1990; Mongan and Callaway, 1990; Bodkin et al, 1995; Gerra et al, 2006; Nyhuis et al, 2008 , Karp et al, 2014 . It remains unknown whether these effects are simply attributable to the induction of drug liking or a 'high.' In other words, it is not known whether the addictive and antidepressant effects of opioids are intrinsically inseparable. If a co-administered m antagonist was able to counteract the addictive properties of a m agonist, without interfering with its antidepressant effects, then controlled opioid modulation via combined agonist-antagonist administration might serve as the basis for a novel pharmacotherapeutic approach with broader applicability in the treatment of MDD.
To test this hypothesis, we utilized buprenorphine (BUP), a partial m agonist. In addition to its effects on the m-opioid receptor, BUP has also been shown to block the action of k agonists in in vivo pharmacology assays (Leander, 1987) . BUP has shown evidence of antidepressant efficacy in MDD in observational studies (Bodkin et al, 1995; Nyhuis et al, 2008; Emrich et al, 1982; Cowan, 2003; Walsh et al, 1994 Walsh et al, , 1995 Callaway, 1996 , Karp et al, 2014 . BUP undergoes substantial first-pass hepatic metabolism and is therefore administered sublingually. For outpatient clinical testing, it was considered essential that BUP and the co-administered m-opioid antagonist should be available in a single-tablet formulation to ensure patient adherence with both the agonist and antagonist components of therapy and to limit the potential for abuse. A potent m-opioid antagonist with high sublingual bioavailability was therefore needed and led to the identification of samidorphan (SAM; 3-carboxamido-4-hydroxynaltrexone), which had those requisite characteristics (Wentland et al, 2005 ). The combination of BUP and SAM was studied first in opioid-experienced, non-depressed subjects to identify ratios of the two components that yielded intermediate and maximal blockade of m-opioid subjective and physiologic responses. A subsequent study evaluated safety, tolerability, and preliminary efficacy BUP/SAM combination therapy at the ratios identified in the initial study as an adjunctive treatment in subjects with MDD and an inadequate response to standard antidepressant therapy (SSRI or SNRI).
METHODS

Study 1: BUP/SAM Dose-Ratio Study in Healthy Opioid-Experienced Adults
The objective of this first study was to evaluate the effect of increasing doses of SAM co-administered with a fixed dose of BUP on measures of opioid pharmacodynamics. This was a single-center, double-blind, randomized and placebo-controlled crossover study. Thirteen subjects were recruited at a single-center psychiatric hospital. Included subjects were healthy adults who were opioid-experienced, but infrequently using (ie, not-addicted) and non-treatment-seeking. They passed screenings that included naloxone and BUP challenge doses.
Following screening, subjects were enrolled into two sequential cohorts, six subjects in Cohort 1 (BUP/SAM 8/0 mg, 8/1 mg, and 8/4 mg) and seven in Cohort 2 (BUP/ SAM 8/0 mg, 8/8 mg, and 8/16 mg) (Figure 1 ). The three sublingual doses of study medication in each cohort were administered in a randomized sequence. Doses were separated by 7-to 12-day washout periods and were blinded within each cohort. Safety was monitored by adverse event (AE), vital signs, laboratory and physical examination findings, electrocardiogram (ECG), and pulse oximetry. Following study drug administration, subjects were assessed for both physiologic (pupillometry) and subjective opioid effects. Subjective effects assessed included 'high', 'drug effect', 'good effects', 'bad effects', 'drug linking', and 'feeling sick', assessed on a 100 mm visual analog scale (VAS) from 'not at all' to 'extremely' (Harris et al, 2004) . Subjective effects were also assessed using a 16-item opiate agonist scale with each rated by the subject on an intensity scale of 0-4 with 0 as 'no effect' and 4 as 'maximum effect' as described previously (Harris et al, 2004) .
Study 2: BUP/SAM Study in Subjects with MDD
The objectives of this randomized, double-blind, placebocontrolled, parallel-group, multiple-dose study were to evaluate the safety, tolerability, and preliminary efficacy of BUP/SAM at dose levels and BUP:SAM dose ratios associated with intermediate and maximal blockade Study1. The study enrolled 32 adult subjects with MDD, using DSM-IV-TR criteria, with a current episode of 48 weeks and an inadequate (o50%) response to at least 8 weeks of an adequate and stable dose of an antidepressant (SSRI or SNRI) in the current episode. Exclusion criteria included bipolar disorder, psychosis, personality disorder, and risk of suicide. Subjects with a diagnosis of alcohol or illicit drug dependence within 12 months prior to screening were also excluded. Subjects with nicotine dependence were not excluded.
Eligible subjects were randomized to three treatment groups: BUP:SAM 8 : 1 dose-ratio treatment group (n ¼ 14); BUP:SAM 1 : 1 dose-ratio treatment group (n ¼ 14); and placebo (n ¼ 4) ( Figure 1 ). As this was the very first multi-dose study of the BUP/SAM combination, a key objective of the study was to obtain safety experience in depressed subjects. As such, more subjects were assigned to active treatment than placebo to provide sufficient exposure to support larger clinical efficacy studies. All patients remained on SSRI or SNRI background therapy throughout the treatment period.
All subjects received study drug for 7 days. In the BUP:SAM 8 : 1 dose-ratio treatment group, subjects received BUP/SAM 2 mg/0.25 mg for 3 days and BUP/SAM 4 mg/0.5 mg for 4 days (referred to as the 8 : 1 treatment group). In the BUP:SAM 1 : 1 dose-ratio treatment group, subjects received BUP/SAM 4 mg/ 4 mg and BUP/SAM 8 mg/8 mg over the same time periods (referred to as the 1 : 1 treatment group). Subjects were evaluated daily during the treatment period. Safety assessments included AEs, vital signs, laboratory findings, ECG, daily VAS analyses of 'high' and 'sedation' using methodology as described above for Study 1, the Addiction Research Center Inventory-Morphine Benzedrine Group (ARCI-MBG) (Haertzen, 1974) and the Columbia Suicide Severity Rating Scale (C-SSRS) (Posner et al, 2011) . Efficacy assessments including the Hamilton Depression Rating Scale (HAM-D17) (Hamilton, 1960) and the Montgomery-Å sberg Depression Rating Scale (MADRS) (Montgomery and Asberg, 1979) were collected at baseline and at day 7.
Statistical Analyses
Safety, pharmacodynamic, and efficacy data were collected per time point and per cohort/dose level and analyzed using descriptive statistics. Maximum decrease in pupil Opioid modulation in major depressive disorder E Ehrich et al diameters, maximum increase in VAS scores, and their means were evaluated in both studies.
In the first study, m opioid blockade was primarily assessed via VAS scores of 'high,' 'liking', and 'good,' and a statistically significant difference (one-sided po0.05) in the predose and peak post-dose VAS scores for a dosing session was considered to be an evidence of incomplete blockade. Pairwise comparisons of active treatment vs placebo were performed using a t-test. Adjacent doses were compared using a t-test and step-down Bonferroni adjustment for the dose comparison. Subjective measurements were analyzed using a paired t-test for change from baseline within a group and t-tests for pairwise comparisons vs BUP/SAM 8 mg/0 mg. Change from baseline in subjective symptoms was calculated based the 16 opioid agonist item scores for the Subjective Symptoms Questionnaire and change in the 3-h pre-dose vs post-dose scores (Supplementary Table 1) .
To analyze the efficacy of BUP/SAM therapy in MDD, mean decreases from baseline in HAM-D17 and MADRS total scores after 7 days of therapy were calculated, and p-values were generated from Exact Wilcoxon tests.
Ethics
The two studies described here (ClinicalTrials.gov identifiers, NCT01046539 and NCT01381107) were conducted in Opioid 
RESULTS
Subjects
Demographics and baseline characteristics were relatively well matched between cohorts in both studies (Table 1) . One subject in Study 1, Cohort 2 withdrew owing to an oral cavity abscess after the first dosing session and was excluded from pharmacodynamic analyses.
Calibrating BUP/SAM for l-Blockade in Opioid-Experienced Adults
Change in pupil diameter I response to BUP and BUP/SAM was assessed as a physiologic measure of m-opioid blockade.
Mean pupil diameters decreased by B50% within 4 h of BUP/SAM 8 mg/0 mg administration and reverted back to baseline levels over the following 20 h (Figure 2 ). Coadministration of SAM-attenuated this BUP-mediated miosis in a dose-dependent fashion, with maximal inhibition of the constriction occurring in the BUP/SAM 8 mg/ 8 mg and 8 mg/16 mg dosing sessions (pp0.001 vs BUP/ SAM 8 mg/0 mg for all comparisons). VAS scores were used to assess the effect of SAM on the subjective experience of BUP. Analogous to the pupil diameter results, co-administration of SAM also dosedependently decreased VAS scores for post-administration 'high effects' and 'liking' (Figure 2) , as well as 'drug effects,' 'good effects,' 'bad effects', and 'feeling sick' (Supplementary Figure 1 ). Significant reductions in opioid agonist scores on the Subject Symptom Questionnaire were similarly reported with increasing dosages of SAM (Supplementary Table 1 ).
BUP/SAM in Subjects with MDD
Subjects with MDD in the 8 : 1 treatment group consistently self-reported greater mean VAS scores, for feeling high and feeling sedation following study drug administration compared with subjects in the 1 : 1 group (Figure 3) . No consistent changes in mean VAS scores were discernible after dose escalation on day 3 in the 8 : 1 treatment group (BUP/SAM 2 mg/0.25 mg qd 3d-4 mg/0.5 mg qd 4d) or in the 1 : 1 treatment group (BUP/SAM 4 mg/4 mg qd 3d-8 mg/8 mg qd 4d). Preliminary efficacy was assessed by change from baseline in HAM-D17 and MADRS. After 7 days of once-daily administration, both BUP:SAM ratios resulted in improvements in HAM-D17 and MADRS scores (Figure 4) . For HAM-D17, baseline scores (SD) were 19.0(3.2), 17.5(2.0), and 19.4(2.7) and the changes from baseline were À 1.0(4.2), À 5.0(6.1), and À 6.7(3.4)were for the placebo, 8 : 1, and 1 : 1 treatment groups, respectively. For MADRS, baseline scores (SD) were 24.5(7.9), 23.3(4.1), and 26.4(4.4), and the changes from baseline were À 3.5(5.8), À 8.5(7.4), and À 11.5(6.5) for the placebo, 8 : 1, and 1 : 1 treatment groups, respectively. For the 1 : 1 treatment group, the difference from placebo was significant with the HAM-D17 (p ¼ 0.032) and trended towards significance with the MADRS (p ¼ 0.054).
Safety
The most common treatment-emergent AEs across both studies were dizziness, nausea, and vomiting (Table 2 and  Supplementary Table 2 ). All AEs resolved within 24-72 h without investigator intervention. Nausea and vomiting were observed in both opioid-experienced subjects (Study 1) and opioid-naive MDD subjects (Study 2), although the incidence was lower in subjects who received higher levels of SAM as compared with BUP alone. Dizziness was more commonly observed in subjects with MDD relative to healthy opioidexperienced adults. No clinically significant changes were observed in peripheral blood oxygen saturation (Study 1), or blood chemistries, urinalysis panels, heart rate, blood pressure, respiration rate, or ECG in either study.
In subjects with MDD, no consistent differences were observed pre-dose vs post-dose on the ARCI-MBG and the C-SSRS.
DISCUSSION
This report presents the first placebo-controlled study of an agent with an opioidergic mechanism in the treatment of MDD. In an initial clinical study, the effects of single-dose BUP/SAM combinations were examined in healthy, nondepressed, opioid-experienced adults. Results demonstrated that the addition of increasing amounts of SAM to a fixed amount of BUP resulted in dose-dependent reductions in post-administration miosis, an objective measure of m-opioid pharmacodynamics, which paralleled dose-dependent reductions in subjective measures, including drug liking, drug high, and sedation. Intermediate and maximal levels of blockade were observed when BUP and SAM were administered at ratios of B8 : 1 and 1 : 1, respectively.
Following the calibration of BUP and SAM in opioidexperienced adults, the second study evaluated the 8 : 1 and 1 : 1 dose ratios as adjunctive therapies in subjects with MDD who demonstrated inadequate response to SSRI or SNRI treatment. Antidepressant effects were greatest in subjects who received BUP and SAM at the 1 : 1 ratio, which was the ratio associated with maximal blockade of opioid effects. Thus, following 7 days of once daily BUP/SAM at a 1 : 1 ratio, subjects with MDD exhibited statistically significant improvement in HAM-D17 total score (p ¼ 0.032) and nearly significant improvement in MADRS total score (p ¼ 0.054) vs placebo. The magnitude of effect at 1 week with the 1 : 1 ratio was substantial, with an effect size of 1.49 and 1.29 for HAM-D17 and MADRS, respectively, using Cohen's d (Cohen, 1988) .
Changes in VAS scales and the Subjective Symptoms Questionnaire agonist effects scores in the opioid-experienced adults, as well as in the depressed patients' VAS scales and addiction scores (ARCIMBG), suggest that SAM at the 1 : 1 ratio was effective in blocking the addictive potential of BUP. Furthermore, no evidence of opioid withdrawal was observed following abrupt discontinuation of therapy.
Overall, the safety and tolerability profile of BUP/SAM in both subject populations was favorable. The most commonly reported AEs were dizziness, nausea, and vomiting, consistent with opioid class effects. The incidences of nausea and vomiting in opioid-experienced adults were higher with BUP monotherapy (BUP/SAM 8 mg/0 mg) compared with the BUP/SAM combination, indicating Opioid modulation in major depressive disorder E Ehrich et al attenuation of BUP's gastrointestinal effects by SAM. No respiratory depression was observed in any dosing group. The observation of robust antidepressant activity in subjects receiving the 1 : 1 ratio, ie, the ratio associated with maximal antagonism of m-opioid effects, was surprising.
It had been anticipated that the 8 : 1 ratio, which retains a larger degree of m-opioid agonism than the 1 : 1 ratio, would demonstrate the greatest antidepressant response. Agonism of m-opioid receptors has been correlated with increases in dopamine levels, enhancement of hedonic tone, and sense of contentment, which together would be expected to confer antidepressant activity (Lutz and Kieffer, 2013) . Post mortem studies of patients with depression and suicide have shown evidence of increased m-opioid receptor expression consistent with an endogenous endorphin insufficiency (Scarone et al, 1990; Gross-Isseroff et al, 1990; Gabilondo et al, 1995) . Similarly, PET studies reveal multiple focal deficits in endogenous opioid activity in depressed patients and with induced sadness states compared with controls (Kennedy et al, 2006; Ribeiro et al, 2005; Bencherif et al, 2002; Zubieta et al, 2003) .
The robust antidepressant activity of the 1 : 1 ratio implies that substantial exogenous augmentation in m-opioid agonist activity may not to be necessary to elicit a clinically meaningful response in the treatment of depression. Rather, our results indicate that simultaneous administration of an opioid agonist and antagonist with opposing pharmacologic activities of similar magnitude, ie, a 'balanced' agonistantagonist opioid modulation, may be sufficient and optimal to normalize dysregulated or impaired endogenous opioidergic tone may in the context of depression, and hence yield therapeutic benefit.
An alternative, but not mutually exclusive, explanation of these results invokes the k-opioid system. In contradistinction Opioid modulation in major depressive disorder E Ehrich et al to m-receptor agonism, k-receptor agonism has been associated with adverse effects on mood in humans (Pfeiffer et al, 1986; Wadenberg, 2003) and rodents (Carlezon et al, 2009; Mague et al, 2003) . On the basis of the results in animal models, it has been proposed that a k-opioid antagonist might function therapeutically as an antidepressant in humans (Knoll and Carlezon, 2010) . In addition to its effects on the m-opioid receptor, BUP has also been shown to block the action of k agonists in in vivo pharmacology assays and has been characterized in vitro to be a k partial agonist with low intrinsic activity (Leander, 1987; . Indeed, functional k antagonism has been proposed as a mechanism underlying the efficacy of BUP/naltrexone combination therapy for opioid dependence (Gerra et al, 2006; McCann, 2008; Rothman et al, 2000) . Further investigation in humans and animal model systems utilizing imaging, pharmacologic, and other probes will be needed to understand the relative contribution of endogenous dynorphin blockade and endogenous m-opioid modulation to the observed antidepressant activity with BUP/SAM.
Limitations of these studies in this report include short duration of the clinical study in depression and the small number of subjects evaluated. VAS scales were exploratory in largely opioid-naive depressed subjects as they are not validated in this population. Further study with larger sample size and longer duration of treatment is needed to quantify the magnitude and durability of treatment effect for the BUP/SAM combination in depression.
The results of this work suggest that BUP/SAM may provide an important treatment option for patients with MDD and an inadequate response to SSRI or SNRI therapy or with treatment-resistant depression. Beyond MDD, a growing body of evidence indicates that dysregulation of endogenous opioids and their receptors may be involved in other neuropsychological processes and their psychiatric correlates (Ribeiro et al, 2005) . Given the fundamental involvement of endogenous opioids in stress and the neurocircuitry of emotion, opioid modulation via a balanced agonist-antagonist combination may merit evaluation in a variety of psychiatric disorders, including borderline personality disorder, autism, posttraumatic stress disorder, and obsessive-compulsive disorder.
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